Attempts to manipulate the level of C16:1 fatty acids in membrane phospholipids were made by using Bacillus subtilis and its protonophore-resistant mutants to test the hypothesis that C16:1 fatty acid levels relate to the bioenergetic properties of the mutant strains. Growth of the three mutants in the presence of palmitoleic acid restored the level of C16:1 fatty acids in the membrane lipids to somewhat above those found in the wild type.
bioenergetic properties of the mutant strains. Growth of the three mutants in the presence of palmitoleic acid restored the level of C16:1 fatty acids in the membrane lipids to somewhat above those found in the wild type.
The palmitoleic acid was preferentially incorporated into diphosphatidylglycerol (cardiolipin) and phosphatidylethanolamine and was associated with increased levels of these phospholipids. These membrane preparations showed no increase in the levels of free fatty acids. The increase in C16:1 fatty acids achieved by growth in the presence of palmitoleic acid was accompanied by secondary changes in membrane lipids as well as a pronounced diminution in the protonophore resistance of growth and ATP synthesis. Other membraneassociated properties that had been observed in these mutants, e.g., elevated ATPase levels, were not altered coordinately with protonophore resistance and C16:1 fatty acid levels. Growth of the wild type in the presence of palmitic acid caused a modest elevation of the C16:0 of the membrane lipids and a modest increase in the protonophore resistance of growth and ATP synthesis. Growth of the wild type at elevated temperatures, in the absence of fatty acid supplementation, also enhanced its resistance to protonophores. The results support the hypothesis that specific changes in membrane lipid composition underlie the bioenergetic changes associated with protonophore resistance.
In our previous work and that of others, protonophoreresistant mutant strains of Bacillus subtilis (9) , Bacillus megaterium (2, 3, 7) , and Escherichia coli (11, 12, 17) have been isolated on the basis of their capacity to grow aerobically on nonfermentable carbon sources in the presence of protonophore concentrations that inhibit the growth of wildtype parental strains. The major bioenergetic problem posed by such mutants is their apparent ability to synthesize ATP under conditions when the electrochemical proton gradient (AjiiiH+) is reduced to levels that will not support comparable synthesis in the wild type. According to the formulation of Mitchell (14) , ATP synthesis by proton-translocating ATPases is completely coupled to a A-IH+ composed of a transmembrane electrical potential (A+i) and a transmembrane pH gradient (4pH) that are generated across the coupling membrane between the cytosol and the bulk external phase. Thus a mutational change that alters the dependence of ATP synthesis on the bulk A-iH+ would be a potential challcnge to a strict chemiosmotic formulation.
In the accompanying paper (9) we reported that three protonophore-resistant mutants of B. subtilis synthesized more ATP than the wild type did at suboptimal levels of the AJ.LH+. They also exhibited a number of other phenotypic changes involving the membrane (e.g., enhanced sensitivity to valinomycin and an increase in certain membraneassociated activities such as the ATPase). Since the mutants each appeared to have a single mutation, it was possible that the primary mutation caused a change in the properties of the coupling membrane, thus producing a pleiotropic phenotype with respect to membrane-associated functions. An analysis of membrane lipids was therefore undertaken. Two major changes in the fatty acid composition of membrane * Corresponding author.
phospholipids were found in all three protonophore-resistant strains: a decrease by about 50% in the content of monounsaturated C16 fatty acids and a pronounced increase in the ratio of iso-C15:0 to anteiso-C15:0 branched-chain fatty acids.
One of the strains exhibited a somewhat smaller shift in this ratio and had an elevated phosphatidylethanolamine/phosphatidylglycerol ratio. Further determinations, in which the lipids of protonophore-sensitive revertants were studied, indicated that the content of C16:1 fatty acids in the membrane lipids was closely related to the protonophore resistance of the strain. In all the sensitive strains (wild type and revertants) C16:1 represented 13 to 16% of the total membrane fatty acid, whereas in all the resistant strains it represented 6 to 7% of the total fatty acid (9) . No MATERIALS AND METHODS Strains and growth conditions. Wild-type B. subtilis BD99 and the three protonophore-resistant mutants (AG1A3, AG2A, and AG3A) described in the accompanying paper (9) were grown on DL-malate in Spizizen salts (18) supplemented with 0.1% (wt/vol) yeast extract and 50 ,ug each of L-histidine, L-threonine, and L-tryptophan per ml (9) .
Growth experiments were conducted, as described in the accompanying paper (9) , with sidearm flasks, and growth was monitored turbidimetrically with a Klett-Summerson colorimeter (no. 42 filter). When indicated, various concentrations of carbonyl cyanide m-chlorophenylhydrazone (CCCP) or fatty acids or both were added from ethanolic solutions. In some experiments, growth in the presence and absence of CCCP was determined as a function of temperature, as indicated for those specific experiments (see Fig. 2 ). Otherwise, cells were always grown at 300C.
Assays of ATP synthesis and of the ATPase. For studies of ATP synthesis, the strains were starved at pH 7.5 as described previously (8) , except that the cells used for the experiments (having been grown in the presence or absence of fatty acid supplements) were first washed with phosphate buffer (pH 7.5) containing 1% (wt/vol) bovine serum albumin. Synthesis of ATP was initiated by the addition of malate as described previously (7, 9) in the presence or absence of any added inhibitors. Cellular ATP levels were determined by a luciferin-luciferase assay (8) .
For assays of ATPase activity, everted membrane vesicles were prepared from cells that had been grown with or without fatty acid supplements and then washed with the inclusion of bovine serum albumin in the wash buffer, as indicated above. A French pressure cell treatment was used to produce the vesicles (9) . ATPase was assayed as described in the accompanying paper (9) .
Measurement of the A*. The Ad was measured with
[3H]triphenylphosphonium as described in the accompanying paper (9) . Measurements of the sensitivity of the A* to treatment of cells with either CCCP or valinomycin were carried out precisely as described in the accompanying paper (9) .
Preparation and characterization of membrane lipids.
Membrane lipids were extracted from right-side-out vesicles prepared from cells that had been grown in either the presence or absence of fatty acid supplements and washed extensively with buffer containing bovine serum albumin. The procedures used for the extraction and the subsequent characterization of the membrane lipids have been described in detail (1, 9) . In some experiments involving preparations from cells that had been grown in the presence of fatty acid supplements, the strains were grown in the presence of radioactive fatty acid, either ["'Cipalmitic acid (1 nCi/ml) or ["'Cipalmitoleic acid (1 nCi/ml). RESULTS Fatty acids from the growth medium are incorporated into membrane lipids without raising the levels of free fatty acids in the membrane. The wild-type and all three mutant strains incorporated radioactive label from either palmitic or palmitoleic acid into both neutral and polar membrane lipids ( Table 1 ). The label that was inQorporated in the membrane lipids was almost entirely (98 to 99%) recovered as the same fatty acid that had been added to the medium, i.e., there was very little conversion of the labeled growth supplement to other fatty acid(s) or metabolites that are incorporated into the membrane. Also, the ratios of neutral to polar lipids were unchanged by the fatty acid supplementations of the growth medium. Importantly, there were no alterations in the levels of diacylglycerol or free fatty acids, the two components of the neutral lipid fraction (not shown). In all the strains, palmitoleic acid was incorporated more extensively, relative to a palmitic acid supplement, into diacylglycerol, phosphatidylethanolamine, and diphosphatidylglycerol. Palmitic acid was incorporated more extensively into phosphatidylglycerol (Table 1) .
Fatty acid supplementation of the growth medium changes the composition of the membrane lipids. Initial studies had shown that the memnbrane lipid/membrane protein ratios of the protonophore-resistant mutants were not significantly different from that of the wild type (9) . This is apparent in Table 2 , in which it may also be seen that growth in the presence of palmitic acid significantly lowered the membrane lipid/membrane protein ratio of all the strains. Growth in the presence of palmitoleic acid tended to increase the membrane lipid/membrane protein ratio, but the observed increases were of borderline significance and were not found in mutant strain AG3A (Table 2) . Interestingly, the fatty acid supplementations had rather different effects upon the polar lipid compositions of the membranes of the mutants compared with those of the wild type. The presence of either palmitic acid or palmitoleic acid in the growth medium of the wild-type strain had no significant effect upon the ratios of the three major membrane phospholipids (Table 3) , nor were there any significant changes in the minor components not shown in the table. Similarly, growth of each of the mutant strains in the presence of palmitic acid failed to change the ratios of the membrane phospholipids. On the other hand, growth of the mutants in the presence of palmitoleic acid caused a large increase in the relative amount of diphosphatidylglycerol, a more modest increase in-the percentage represented by phosphatidylethanolamine, and small decrease in the percentage of the major polar constituent, phosphatidylglycerol. Fatty acid supplementation of the growth medium of the wild type did not cause major changes in the fatty acid composition of the membrane lipids, except that growth in the presence of palmitic acid resulted in an increase in the percentage of C160 in the membrane lipids (Table 4 ). The presence of palmitic acid in the growth medium had no effect on the two mutant strains, AG1A3 and AG2A, whose initial level of C16:0 fatty acids was already double that of the wild type. For the one strain, AG3A, whose level of C16:0 fatty acids was less elevated, supplementation with palmitic acid may have raised the level further (Table 4) , but again, no other effects were apparent. By contrast, the presence of palmitoleic acid in the growth medium had several effects on the mutant strains. In all the mutant strains, the C16:1 content of the membrane lipids was dramatically increased, and this was accompanied by a decrease in the relative percentage of C16:0 (the latter change being modest in AG3A). In the two mutants, AG1A3 and AG2A, which had markedly elevated iso-C15:0/anteiso-C15:0 ratios, supplementation with palmitoleic acid and the consequent incorporation of this fatty acid into the membrane lipids caused a remarkable restoration of the wild-type pattern of branched C15:0 fatty acids (Table 4) .
Since no label from palmitoleic acid was found in these fatty acids, the change in the ratio of the branched-chain C15:0 fatty acids must be a secondary effect. In strain AG3A, which had a less pronounced initial alteration in the isoCl5:0/anteiso-C15:0 ratio, addition of palmitoleic acid to the growth medium did not have a significant effect, although the ratio was slightly decreased in each preparation.
Fatty acid supplementation modulates the protonophore resistance of growth and ATP synthesis. As compared with data in the companion paper (9) , growth of the wild-type B. subtilis strain in the presence of palmitic acid caused a small but significant decrease in the sensitivity of growth to inhibition by low levels of CCCP (Fig. 1) . By contrast, the presence of palmitoleic acid increased the sensitivity of growth to inhibition by CCCP. This latter effect was much more pronounced in the three mutants. Growth of the protonophore-resistant strains in the presence of palmitoleic acid abolished the protonophore resistance relative to the wild type (Fig. 1) . Growth in the presence of palmitic acid either slightly increased protonophore resistance or had no effect upon the mutants. For all four strains, the presence of 10 ,uM stearic acid increased the apparent protonophore resistance of growth, whereas the presence of 5 ,uM oleic acid (higher levels were toxic) markedly decreased protonophore resistance.
The effects of fatty acid supplementation during growth were then studied with respect to the subsequent ability of washed and starved cells to synthesize ATP upon addition of malate. Addition of malate to starved cells of each strain, grown under the various conditions, resulted in the generation of a Al. of the same magnitude (approximately -160 mV) in each strain, and the addition of 2 ,uM CCCP reduced that AtJ identically in each of the different cell preparations (data not shown). The amount of ATP synthesized was not, however, the same for all preparations. Growth of the wild type, but not the mutants, in the presence of palmitic acid caused a decrease in the amount of ATP made in response to reenergization of starved cells, but also slightly decreased the CCCP sensitivity of that synthesis in most experiments ( Table 5 ). The mutants all exhibited, as seen before (19) , CCCP-resistant ATP synthesis relative to the wild type. Growth on palmitic acid did not alter the amount of ATP made or the CCCP sensitivity of that synthesis. On the other hand, growth in the presence of palmitoleic acid, while not reducing the amount of ATP made in the absence of CCCP, significantly lowered the resistance to the protonophore of ATP synthesis by the mutants (Table 5) . A control experiment eliminated the possibility that some interaction of CCCP and palmitoleic acid resulted in activation of protonophoric activity. Washed mid-logarithmic-phase wildtype cells were starved and reenergized with malate in the absence of additions or in the presence of 10 puM palmitic acid or palmitoleic acid. The effect of 2 ,uM CCCP on the Ai was examined under all three sets of conditions and found to be the same.
Effect of palmitoleic acid on the levels of membraneassociated ATPase activity and the wild-type sensitivity to valinomycin. Among the membrane-associated properties of the protonophore-resistant mutants of B. subtilis were markedly elevated levels of the ATPase in the membrane (9); this has recently been shown to result from an increase in the actual amount of enzyme protein associated with the membrane rather than from some activation of the enzyme (D. Hicks, unpublished data). Also, the CCCP-resistant mutants were all more sensitive than the wild type to the ability of valinomycin, in the presence of K+, to abolish the Ash (9) . Although these properties might be of bioenergetic significance, they might simply be secondary consequences of the changes in the membrane. inhibition by low levels of CCCP was significantly affected by temperature (Fig. 2) . Cells grown at 24°C were completely inhibited by 2, 3, or 4 ,uM CCCP, whereas cells grown at 30°C showed at least some growth at 2 to 3 ,uM CCCP, and cells grown at 350C exhibited growth even in the presence of 4 puM CCCP. Control experiments were conducted to find whether the efficacy of CCCP in lowering the proton motive force was different at the three temperatures. Cells grown at 24, 30, or 35°C were washed and incubated in buffer at pH 7.5 and at the same temperature as their growth temperature. The effects of 2, 3, and 4 p.M CCCP on the magnitude of the Aq were examined for each of the preparations. These concentrations of CCCP lowered the A*4 by approximately 44, 56, and 65%, respectively, with no differences between the preparations at different temperatures. In view of the decreased level of unsaturated fatty acids in the mutant strains, it was also of interest to examine whether those strains exhibited any sensitivity of growth at relatively low temperature. Growth of AG1A3, AG2A, and AG3A was compared with that of the wild type as a function of temperature over a range from 24 to 35°C. Strains AG1A3 and AG3A did not show a temperature-dependent difference in growth rate relative to the wild type. AG2A generally grew somewhat more slowly than the wild type. That differential was exacerbated at lower temperatures such that at 24°C the rate of growth of AG2A was only 27% that of the wild type, whereas at higher temperatures the rate of growth was much closer to the wild-type rate (9) . DISCUSSION Growth of the three recently characterized protonophoreresistant strains of B. subtilis in the presence of palmitoleic acid raises the levels of monounsaturated C16 fatty acids found in the membrane lipids back up to (and somewhat above) the levels found in the wild type. This primary event is accompanied by a dramatic restoration of the wild-type pattern of branching in the C15:0 fatty acids, a restoration that must be secondary, since there was essentially no conversion of the fatty acid growth supplements to other fatty acids that could be recovered in the membrane lipids. The basis for the initial shift in the iso-C15:0/anteiso-C15o0 ratio upon mutational reduction in the levels of C16:1 fatty acids and this restoration is not known. Perhaps there are constraints upon the kind of branch that can be accommodated in one monounsaturated fatty acid may allow the esterification of the bulkier anteiso branched chain, whereas the presence of a saturated fatty acid does not. These types of considerations may also underlie the interesting observation that supplementation of the growth medium of the mutants with palmitoleic acid resulted in preferential incorporation of the fatty acid into diphosphatidylglycerol and phosphatidylethanolamine among the phospholipid components (Table 1) ; indeed, the levels of these phospholipids were elevated, especially diphosphatidylglycerol (Table 3) . By contrast, palmitic acid seems to be preferentially incorporated into phosphatidylglycerol. It is interesting that phosphatidylethanolamine and diphosphatidylglycerol both have small head groups and higher surface charge densities than phosphatidylglycerol. Such factors may influence the distribution of fatty acids. A final secondary change was the general elevation of the membrane lipid/protein ratio by growth on palmitoleic acid and the general reduction in that ratio by growth on palmitic acid ( Table 2 ). The mutants did not initially differ from the wild type with respect to this property. Still, the association of a decreased lipid/protein ratio with conditions that enhance resistance to protonophores is notable in connection with the observation by others (10) of such an association in a CCCP-resistant mutant of E. coli. It will be of interest to clarify the relative roles of regulatory phenomena and biophysical constraints upon the secondary changes in membrane lipids and lipid/protein ratios observed here. It should be noted, however, that the palmitoleic acid supplement used in this study is probably not a precise counterpart of the natural monounsaturated fatty acid, since that is likely to possess the double bond in position 5 rather than position 9 (6, 13, 15 ). An assay of the natural desaturase will be developed as part of an effort to elucidate the nature of the primary biochemical change in the mutants. Biochemical and genetic characterizations should also clarify the basis for the differences, found in this study and reported in the accompanying paper (9) , in the three mutant strains.
The elevation of the C16i: levels that was achieved by growth of the mutants in the presence of palmitoleic acid was accompanied by a dramatic reduction in the resistance of growth to inhibition by CCCP. ATP synthesis was also significantly less resistant to CCCP, even though the At and its sensitivity to CCCP were unchanged. Such an effect might relate to the absolute levels of C16:1 fatty acids, to the ratio of C16:1/C16:0 fatty acids, or to a combination of those factors and some of the secondary lipid changes, all of which relate to the molecular geometry of the lipids. The evidence in the accompanying paper (9) does not support a correlation between resistance and the iso-C15 Janteiso-C15g ratio or the membrane lipid/protein ratio. On the other hand, the level of saturated C16:0 (or its ratio to the unsaturated form) is probably important. Supplementation of the wild type growth medium with palmitic acid, which modestly increases the level of C160 fatty acids in the membrane, modestly increases the resistance to CCCP. Interestingly, this is even more pronounced with stearic acid, although C18 fatty acids are not a natural component of the membranes.
Importantly, the effects of manipulation of the membrane fatty acids do not result from simple elevations of the levels of free fatty acids, since there was no elevation in this minor component of the neutral lipid fraction. Thus the results observed here are not analogous to reports by others of the effect of free fatty acids, added during assay, upon solute transport (19) or ATP synthesis (16) . Indeed, it is interesting that growth of the wild type on palmitic acid resulted in a small reduction in ATP synthesis relative to that by control cells, but that none of the other supplementations of either wild-type or mutant cells had any effect on ATP synthesis in the absence of inhibitors.
The finding that restoring C16:1 fatty acid to the mutant cells markedly reduces their protonophore resistance supports the hypothesis that the levels of monounsaturated fatty acids in the membrane lipids, or the packing properties arising from their presence in specific phospholipid components, are important in resistance. Other aspects of the mutant phenotype were not found to change upon supplementation with palmitoleic acid. The elevation in membrane ATPase that had been found in all the mutant strains (9) was not reversed in cells that had grown in the presence of palmitoleic acid and that were no longer very protonophore resistant. The elevation in the ATPase levels would seem to be a secondary phenomenon, perhaps related to a rather specific change of the membrane lipids that is not precisely reversed during the current manipulations. Most importantly, these experiments dissociate resistance from the increased level of membrane-associated ATPase. Similarly, the enhanced valinomycin sensitivity that was observed in all the mutants (9) was not reversed by growth under conditions that markedly reduced protonophore resistance, except in some experiments with only one of the strains. Thus these experiments provide support for the hypothesis that the ability to synthesize ATP at lowered A H+ values, relative to the wild type, is associated with the resistance of growth to CCCP and with changes in C16:l (and probably C16:0C16:1 ratios), while other aspects of the mutant phenotype are probably secondary changes in membraneassociated properties brought about by subtle aspects of the changes in the membrane.
As noted in the accompanying paper (9), the changes in membrane lipids that were observed in the mutants would, a priori, be expected to result in a membrane with decreased fluidity. Perhaps such a global change is important with respect to the bioenergetic phenomenon underlying the resistance. In this connection, the protonophore resistance of the wild-type strain at various temperatures is notable. Over the range of temperature from 24 to 35°C, there was a significant increase in the resistance to growth inhibition by CCCP, even though CCCP was equally effective in reducing the AW at each of the temperatures examined in that range. Elevated temperatures are associated with decreased levels of unsaturated fatty acids in B. subtilis (6, 13) , but are not expected to be associated with a global decrease in membrane fluidity; rather, the homeoviscous mechanisms are directed at preventing the increase in membrane fluidity that would naturally result from incubation at elevated temperatures (6, 13) . The increase in resistance with elevated temperature therefore suggests that a change in global fluidity in the mutants, whether or not it occurs, is unlikely to be causally related to the bioenergetic alterations. Rather, the fatty acid composition per se or local packing of the lipids owing to changes in a property such as hydrophobic volume may be important with respect to the bioenergetics of the mutants. Our long-term interest is to develop a mechanistic understanding of how specific changes in membrane lipids lead to altered energy-coupling properties, specifically the greater efficacy of ATP synthesis at low AIiH+. 
